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Introduction:  Recently it has been shown that the 
heavy r-process nuclei can form in low or even zero 
neutron excess material [1].  This is possible when the 
expansion of the material is sufficiently extreme that 
too few heavy nuclei form to catalyze the equilibrium 
between free nucleons and alpha particles.  In such a 
case, a large neutron-to-seed ratio develops and heavy 
r-process nuclei form, even in the absence of excess 
neutrons.   This effect depends sensitively on the num-
ber of heavy nuclei that form so that the resulting r-
process yields are extremely sensitive to the explosive 
parameter conditions.  For more details, please see the 
web site: http://photon.phys.clemson.edu/brad/rproc.html. 
In the present short work we speculate on the implica-
tions of this finding for the abundances of the short-
lived r-process radioactivities in the early solar system. 
Short-Lived r-Process Radioactivities:  The 
short-lived r-process radioactivities 107Pd, 129I, 182Hf, 
and 244Pu were alive in the early solar system.  This is  
expected from continuous Galactic nucleosynthesis.  
The puzzle is rather in their abundances.  182Hf has an 
inferred abundance in the early solar nebula more or 
less in agreement with that expected in the steady-state 
interstellar medium.  By contrast, 107Pd and 129I are 
underabundant relative to the same expectations, e. g. 
[2-3].  A possible explanation is that there is an addi-
tional source of 182Hf such as the outer shells of mas-
sive stars [4].  Alternatively, it may be that r-process 
yields can vary significantly with some events produc-
ing predominantly lighter r-process isotopes (mass 
number A<140) while others predominantly producing 
heavier r-process isotopes (A>140) [5].   We analyze 
this second scenario in light of disequilibria between 
nucleons and alpha particles. 
Calculations:  We modeled r-process expansions 
in a similar fashion to those in [1].   In the present cal-
culations, the density e-folding timescale was chosen to 
be 0.002 seconds and the initial electron-to-baryon 
fraction (Ye) was taken to be 0.498.  This matter has 
nearly equal numbers of neutrons and protons.  We 
explored sensitivity of r-process yields by varying the 
entropy per nucleon from 210 to 220 in units of Boltz-
manns constant kB.  To quantify the sensitivity of the 
yields, we considered the ratio of the abundance in the 
third r-process peak to that in the second peak.  In 
practice, we followed the authors in ref. [6] and con-
sidered the ratio of the abundance maximum in the 
mass range A=190-210 to the abundance maximum in 
the mass range A=120-140.  This treatment allows for 
possible uncertainties due to nuclear physics input.              
The resulting peak ratio (relative to the solar value of 




As is evident from Fig. 1, the abundance of third peak 
nuclei jumps suddenly when the entropy per nucleon 
increases from 216kB to 218kB.  This is an extraordi-
nary sensitivity in the final abundance yields, and it 
results from the disequilibrium between free nucleons  
Fig. 2 
 
and alpha particles.  Below the threshold entropy, 
enough heavy nuclei form to catalyze equilibrium be-
tween nucleons and alpha particles.  This means that 
the abundance distribution matches a quasi-equilibrium 
(QSE) distribution quite well at temperatures of  
around 4 billion Kelvins.  The resulting seed 
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distribution for the r-process is then centered near 
A=90, as usual for high-entropy QSEs.  The r-process 
seed nucleus distribution for the entropy 216kB expan-
sion at 2.5 billion Kelvins is shown in Fig. 2. 
 
By contrast, above the threshold entropy, the nucleons 
and alpha particles fall out of equilibrium early.  The 
seed nuclei are then more massive than the QSE nuclei.  
As Fig. 3 shows, the seed nuclei typically have a mass 
of about 140 units at 2.5 billion Kelvins for the 218kB 
expansion.  This is around 50 mass units greater than in 




     Implications:  Clearly if the conditions for the 
r-process are sufficiently extreme, the final yields can 
be extraordinarily sensitive to the expansion condi-
tions.   As Fig. 1 shows, for a density e-folding time of 
0.002 seconds and Ye=0.498, essentially no nuclei in 
the third r-process peak are made if the entropy per 
nucleon is less than or equal to 216kB.  Barely increas-
ing the entropy to 218kB, however, causes the third 
peak to be overproduced relative to the second peak  
by about a factor of ten.  This is a tremendous change 
in the character of the final abundances for a roughly 
one percent change in the entropy. 
The implications for the short-lived r-process ra-
dioactivities are then clear.  Two essentially separate 
regimes may exist during the r-process, one that prefer-
entially makes heavier r-process nuclei and one that 
makes preferentially ligher ones, and the transition 
from one regime to the other may occur suddenly be-
cause of the sudden onset of the persistent disequilib-
rium between nucleons and alpha particles.  This may 
help explain the apparent systematic difference be-
tween the inferred abundances of the heavy and light 
short-lived r-process radioactivities in the early solar 
system. 
The interesting question is why the heavier isotopes 
should be in better agreement with the steady-state ISM 
predictions.  This would seem to imply that the heav-
ier-isotope producing r-process expansions should be 
more common than those that produce the ligher iso-
topes.  The authors of ref. [7] computed models of neu-
trino-driven winds in supernovae.  Their findings were 
that the early phase of the wind outflow was rapid (on 
millisecond timescales) and the later phases were 
slower.  In addition, they found it unlikely that the mat-
ter attained a Ye<0.48.  We speculate that the early 
wind phase may attain conditions such that the r-
process is dominated by the disequilibrium between 
free nucleons and alpha particles and robustly produces 
heavy r-process isotopes.  As the evolution of the 
proto-neutron star evolves and the wind slows, the r-
process yields collapse back down to producing the 
ligher isotopes.  It may then be that in some supernovae 
black hole formation interrupts the r-process before the 
second phase or that penetration of a reverse shock 
collapses the outflow to a breeze which does not allow 
r-process conditions at all, which in turn interrupts 
lighter r-process isotope production.  Further work on 
ejection of matter from proto-neutron stars is needed to 
evaluate these ideas. 
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